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fects on transcription in part by modulating chromatin
structure in the vicinity of the regulatory domains of
lineage-specific genes to promote or restrict loading
John Kim,* SaõÈd Sif,³‖ Beverly Jones,*‖
Audrey Jackson,* Joseph Koipally,*
Elizabeth Heller,* Susan Winandy,*
and communication with the RNA polymerase complexAlain Viel,² Alan Sawyer,*
(Kadonaga, 1998; Struhl, 1998).Toru Ikeda,# Robert Kingston,³
A number of chromatin remodeling complexes likeand Katia Georgopoulos*§
SWI/SNF, RSC, NURF, CHRAC, and ACF have been*Cutaneous Biology Research Center
identified (Workman and Kingston, 1998). Some of these²Cutaneous Biology Research Center Protein Core
factors play a positive role in transcription by enablingMassachusetts General Hospital
certain sequence-specific activators to bind to theirHarvard Medical School
sites in chromatin, disrupt its structure, and recruit theCharlestown, Massachusetts 02129
polymerase complex (Kwon et al., 1994; Ito et al., 1997;³Molecular Biology
Mizuguchi et al., 1997; Armstrong et al., 1998; Lorch etMassachusetts General Hospital
al., 1998; Schnitzler et al., 1998). The cooperative activityHarvard Medical School
of remodeling complexes and DNA-binding factors hasBoston, Massachusetts 02125
been demonstrated in vitro. Although it remains an at-
tractive model that sequence-specific DNA-binding pro-
teins target remodeling factors to specific loci, no physi-
cal interaction between the two has been shown in vivo,Summary
and the mechanism of this cooperation remains unclear.
Enzymes that modify the acetylation state of histonesThe Ikaros gene family encodes zinc finger DNA-bind-
can also modulate gene expression (Kuo and Allis, 1998).ing proteins essential for lineage determination and
Recruitment of histone acetyltransferases by sequence-control of proliferation in the lymphoid system. Here,
specific DNA-binding proteins catalyzes more perma-we report that, in the nucleus of a T cell, a major
nence to an open nucleosomal structure that is permis-fraction of Ikaros and Aiolos proteins associate with
sive to transcription (Utley et al., 1998). On the otherthe DNA-dependent ATPase Mi-2 and histone deacet-
hand, targeting of histone deacetylases (HDACs) throughylases, in a 2 MD complex. This Ikaros±NURD complex
their interactions with sequence-specific factors causesis active in chromatin remodeling and histone deacety-
the local hypoacetylation of histones and a closedlation. Upon T cell activation, Ikaros recruits Mi-2/
nucleosomal structure that may prevent communicationHDAC to regions of heterochromatin. These studies
between upstream activators and the TBP complexreveal that Ikaros proteins are capable of targeting
(Rundlett et al., 1998; Struhl, 1998). Recent studies havechromatin remodeling and deacetylation complexes
shown the coexistence of two disparate types of chro-in vivo. We propose that the restructuring of chromatin
matin modulators. Histone deacetylases (HDAC-1 andis a key aspect of Ikaros function in lymphocyte differ-
HDAC-2) and the SWI/SNF-like Mi-2 ATPases were puri-entiation.
fied within the same complex, suggesting a cooperative
mode of action between these functionally distinct fac-
tors (Tong et al., 1998; Wade et al., 1998; Xue et al.,Introduction
1998; Zhang et al., 1998).
Genetic and biochemical studies on the Ikaros geneCell-type and sequence-specific transcription factors
have identified a family of zinc finger DNA-binding fac-that control changes in gene expression ultimately dic-
tors as master regulators of B and T cell differentiationtate a cell's fate in differentiation. In the eukaryotic nu-
(Georgopoulos et al., 1997). Lack of Ikaros proteins fromcleus, DNA is folded in a higher-order chromatin struc-
the hemopoietic system causes an early and completeture with its basic repeating motif, the nucleosome,
block in the production of B and fetal T lymphocytes andconsisting of 146 bp of DNA wrapped around a histone
natural killer cells (Wang et al., 1996). A small numberoctamer in a left-handed superhelix. The structure of a
of T cell precursors are generated postnatally in thenucleosome, whether in an ªopenº or a ªclosedº confor-
absence of Ikaros. These Ikaros mutant T cell precursorsmation, determines accessibility of the DNA superhelical
display skewed differentiation toward the CD4 lineagegyres to sequence-specific transcription factors and to
(Wang et al., 1996). Ikaros is also required for the regu-
DNA-dependent enzymes like the RNA and DNA poly-
lated proliferation of differentiating thymocytes and ma-
merases. It is thought that cell-type specific transcrip-
ture T cells. A substantial reduction in the levels of Ikaros
tional regulators can exert positive and negative ef- in immature thymocytes, as engineered in mice by a null
or a dominant-negative mutation in Ikaros, causes their
clonal expansion and rapid transition to a neoplastic
§ To whom correspondence should be addressed (e-mail: katia_ state (Winandy et al., 1995; Wang et al., 1996). Further
georgopoulos@cbrc.mgh.harvard.edu).
biochemical and genetic studies reveal that Ikaros pro-‖ These authors contributed equally to this work.
teins work in concert with the related protein Aiolos# Present address: Department of Pathology and Immunology,
(Morgan et al., 1997). In the absence of Ikaros and AiolosSchool of Medicine, Tokyo Medical and Dental University, 1-5-45
Yushima, Bunkyo-ku, Tokyo, Japan. proteins, a spectrum of immunodeficiencies and T and B
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Figure 1. Cloning of mMi-2 as an Aiolos and
Ikaros Interactor
(A) The C-terminal region of mMi-2-a was iso-
lated in a yeast two-hybrid screen with Aiolos
as the bait. It interacted strongly with Aiolos
and Ikaros isoforms Ik-2 and Ik-3 and weakly
with Ik-1. Both the N- and C-terminal domains
of Ikaros protein reacted with the mMi-2 pro-
tein. Mxi-1, Rag-1, Mxi-2, Myc, and Sin3B
proteins also used in this assay did not inter-
act with mMi-2.
(B) Expression of Mi-2b in a day 3 mouse by
in situ hybridization. T, thymus; K, kidney; and
Mc, mucosal epithelia. Higher magnifications
of the thymus (T), liver (L), and hair follicles
(HF) are shown. Note high expression of mMi-
2b in hemopoietic foci in the liver and in hair
follicles in the skin.
cell leukemias/lymphomas are manifested in the mouse et al., 1995, 1996). The C terminus of mMi-2a interacted
strongly with the Aiolos protein (Aio) and with the Ikarosimmune system (Winandy et al., 1995; Wang et al., 1998;
isoforms (Ik-2 and Ik-3) but not with other nuclear factorsM. Cortez, unpublished data).
(i.e., Mxi-1/Rag-1/Mxi-2) used in the two-hybrid assayThe mode of action of Ikaros and Aiolos remains un-
(Figure 1A). Both the N- and C-terminal regions of Ikarosclear. Although these proteins can activate transcription
(Y6 and Y4) and Aiolos (data not shown) proteins inter-in transient expression assays (MolnaÂ r and Georgo-
acted strongly with Mi-2, indicating that their associationpoulos, 1994; Sun et al., 1996), they can also repress
can occur through more than one interface (Figure 1A).transcription when tethered to a heterologous binding
mMi-2a is the mouse homolog of Mi-2a, one of twodomain (Koipally et al., submitted). Furthermore, the ob-
highly related genes, Mi-2a and Mi-2b, originally identi-servation that in proliferating lymphocytes a significant
fied as autoantigens using autoimmune serum fromfraction of the Ikaros proteins are concentrated within
myocytosis patients (Ge et al., 1995; Seelig et al., 1995,regions of heterochromatin where they colocalize with
1996). Using the C-terminal region of mMi-2a as a probe,transcriptionally silent genes (Brown et al., 1997) and
we screened a spleen cDNA library and isolated over-DNA replication foci (Wang et al., 1998; Avitahl et al.,
lapping clones that span most of the coding region of1999 [this issue of Immunity]) has suggested that they
mMi-2a and the entire coding region of mMi-2b. Themay be involved in silencing and in the stable propaga-
respective open reading frames for the two mMi-2 pro-tion of genetic material. In addition, Ikaros has been
teins show strong similarity to each other and to theirimplicated in the positive regulation of target genes re-
human homologs (see supplemental data on the Immu-quired during the early stages of hemo-lymphopoiesis
nity Web site [http://www.immunity.com/cgi/content/(Nichogiannopoulou and K. G., unpublished data).
full/10/3/345/DC1). The N termini of both proteins con-To delineate the molecular mechanism by which the
tain several highly conserved motifs including two PHDlymphoid-lineage regulators Ikaros and Aiolos mediate
zinc finger motifs similar to those present in the trithoraxtheir effects on gene expression, we sought to identify
genes, trx-G and HRX, the polycomb-like gene Pcl (Aas-interacting factors. Here, we report that in the nucleus
land et al., 1995), RBBP2 (Fattaey et al., 1993), and re-of a T cell, a majority of Ikaros and Aiolos proteins exist
quiem proteins (Gabig et al., 1994) (Figure 1B). Mi-2a
in a 2 MD chromatin remodeling complex that contains
and Mi-2b are also referred to as CHD3 and CHD4 and
the ATPase Mi-2, histone deacetylases, and other com-
have been placed in a group of chromodomain-con-
ponents of the NURD complex. A small fraction of Ikaros taining proteins (Woodage et al., 1997). However, CHD3
and Aiolos proteins are also found in association with and CHD4 exhibit little similarity to the chromodomain
SWI/SNF in a distinct complex. Components of the present in CHD1 and CHD2. A highly conserved ATPase
NURD and SWI/SNF complexes that copurify with Ikaros domain is present in all of the CHD proteins (Woodage
proteins are differentially distributed in heterochromatic et al., 1997), which shows significant similarity to the
and nonheterochromatic regions of the nucleus, im- functionally equivalent domain present in SWI/SNF fac-
plying a function for Ikaros in distinct chromatin remod- tors (Eisen et al., 1995). Outside the ATPase domain,
eling complexes within nuclear subcompartments. little similarity exists between Mi-2a/b, CHD1/2, and
SWI/SNF proteins suggesting their involvement in func-
Results tionally distinct molecular pathways.
Expression of mMi-2 mRNAs was determined in neo-
Identification of the mMi-2 Subfamily of ATPases natal tissues (Figure 1B). mMi-2b mRNA is expressed
as Ikaros and Aiolos Interactors at high levels in the thymus, the kidney, specific areas
To identify factors that interact with the Ikaros family of of the brain, hemopoietic foci in the liver, hair follicles,
proteins, a thymocyte library was used in a yeast two- and mucosal epithelia. The level of mMi-2a mRNA ex-
hybrid screen with Aiolos protein as the ªbait.º A screen pression was lower relative to Mi-2b but the pattern of
for cDNAs that interact with Aiolos resulted in multiple expression was similar (data not shown). Given that
isolations of a clone encoding the C-terminal region of mMi-2 mRNAs are expressed in lymphoid cells, we ana-
lyzed nuclear extracts from the thymus and the spleenmMi-2a, a SNF2-related ATPase (Ge et al., 1995; Seelig
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Figure 2. Differential Distribution of Ikaros, Aiolos, Mi-2, HDAC, and Brg-1 in Macromolecular Structures in Resting versus Activated T Cells
Resting (r) and activated (a) T cells were stained with antibodies to (A) Mi-2 and Ikaros, (B) Mi-2 and Aiolos, (C) Mi-2 and HDAC-1, and (D)
Brg-1 and Ikaros as described in the Experimental Procedures. Overlay of the staining pattern within the same cells is shown in the right-
most panel of each group. (E) Resting (r) and activated (a) wild-type (1/1) and Ikaros null (2/2) purified T cells were stained with antibodies
to Mi-2.
using an antibody raised to a highly conserved region Aiolos in resting T cells (Figure 2Ar±2Cr). Interestingly,
shared by mMi-2a and mMi-2b. A prominent protein antibodies to Brg-1, a component of the SWI/SNF re-
band was detected above the 220 kDa MW marker, and modeling complex, also reveal its colocalization with
a second band of lower intensity was seen below (data the Ikaros and Aiolos reticular/punctate structures de-
not shown). tected in resting T cells (Figure 2Dr).
Upon T cell activation (G0-G1) and progression into
S, a major fraction of Ikaros and Aiolos proteins concen-Redistribution of Ikaros, Aiolos, mMi-2, and HDAC
trate into toroidal structures (Figures 2Aa and 2Ba),into a Higher-Order Chromatin Structure in the G1
which form around heterochromatin, as visualized byand S Phases of the T Cell Cycle
Hoechst staining and hybridization with g-satellite DNAThe potential association of Ikaros, Aiolos, and Mi-2
(Brown et al., 1997, Avitahl et al., 1999). In activatedproteins in the nucleus of a T cell was examined by
T cells, Mi-2, Ikaros, and Aiolos enter these toroidalconfocal immunofluorescence microscopy. In a resting
structures with similar kinetics (Figures 2Aa and 2Ba).(G0) T cell, Ikaros and Aiolos proteins are visualized as
HDAC-1 also concentrates within these areas (Figurepart of a discrete reticular/punctate structure that is
2Ca). In sharp contrast to Mi-2 and HDAC-1, duringdispersed throughout the nuclear volume and is ex-
G1 and S, Brg-1 is diffusely distributed throughout thecluded from heterochromatin (Figures 2Ar and 2Br; Avi-
nucleus of a T cell and appears to be excluded fromtahl et al., 1999). Antibodies to mMi-2 and histone
deacetylases (HDAC-1) show costaining with Ikaros and heterochromatin (Figure 2Da, overlay). Swi-3, another
Immunity
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component of the SWI/SNF complex, exhibits a similar
nuclear distribution to Brg-1 (data not shown). During
the G1 and S phases of the T cell cycle, a fraction of
Ikaros and Aiolos proteins is also diffusely distributed
throughout the nucleus (Figures 2Aa and 2Ba; Klug et
al., 1998).
The ability of Mi-2/HDAC proteins to incorporate into
these nuclear structures was examined in the absence
of Ikaros. Upon activation of Ikaros-deficient T cells,
very few and ill-defined toroids were formed by the Mi-2
and HDAC proteins (Figure 2E, Mi-2 in 1/1 versus Ik2/2
T cells; data not shown). These data suggest that upon
T cell activation Ikaros is required for targeting the Mi-2/
HDAC complex in the vicinity of heterochromatin, and
Aiolos cannot effectively substitute for this function. The
ability of Ikaros to specifically engage in interactions
with other proteins present in heterochromatin may en-
able targeting of the Mi-2/histone deacetylase complex
to this nuclear compartment.
These immunolocalization studies provide evidence
that Ikaros and Aiolos exist in association with distinct
complexes within the nuclear subcompartments of pro-
liferating T cells. Apparently, heterochromatic areas
contain a relatively high concentration of Ikaros, Aiolos,
Mi-2, and HDAC, whereas lower amounts of Ikaros may
exist in complex with SWI/SNF in euchromatic regions.
Ikaros and Aiolos Associate with mMi-2
and HDACs in T Cells
To determine whether Ikaros and mMi-2 stably associ-
ate in T cells, nuclear extracts were prepared from acti-
vated T cells isolated from mice transgenic for a FLAG
epitope-tagged Ikaros isoform (Ik-7). We have pre-
viously shown that when this FLAG-tagged Ikaros iso-
form is expressed at moderate levels, it is incorporated
into the same nuclear macromolecular structures as the
endogenous Ikaros proteins and that it forms a stable
complex with Ikaros and family members (Kelley et al.,
1998). Nuclear extracts prepared from proliferating pri-
mary T cells that express the FLAG-tagged Ik-7 or from Figure 3. Ikaros Complexes from Mature Cycling T Cells Contain
a T cell line derived from these cultures were immuno- mMi-2, HDAC, and SWI/SNF Proteins
purified on an anti-FLAG agarose column (Figure 3A, (A) Silver stain gel of the immunopurified Ikaros fraction isolated
T cell-Ik-Flg) and exhibited no gross differences with from nuclear extracts prepared from cycling T cells that express
the FLAG-Ik-7 (Ik-Flg) isoform is shown in the left panel. A mockrespect to the composition of Ikaros and associated
purification from nuclear extracts of nonexpressing T cells is shownfactors (data not shown). Silver staining of the eluted
in the right panel. Flow through, Ft; third wash, W3; and eluantsIkaros fraction revealed the presence of six intense
1±3, E1-3. Identity of protein bands as determined by quantitativebands in the 45±70 kDa and one in the .220 kDa MW
Westerns is shown.
range (Figure 3A). A mock purification of nuclear extracts (B) Western analysis of the immmunopurified Ikaros with antibodies
from nontransgenic T cells, which was performed in to Ikaros, Aiolos, Mi-2, HDAC-1, HDAC-2, Rbp48, Brg-1, SWI-3, Brm,
and BAF60. Relevant protein bands are shown by arrows, and MWparallel as a control, revealed no such bands in the
markers are indicated. None of these proteins were seen in theeluants (Figure 3A, T cells). Ikaros and Aiolos-specific
eluants of the mock purification (data not shown).antibodies confirmed the presence of these proteins in
(C) Ikaros protein directly interacts with mMi-2 and Brg-1 in a GSTthe purified fraction (Figure 3B, Ik-1/Ik-2/Ik-7-Flg and
assay. In, 10% of input protein; G, GST; and Ik, GST-Ik-1.
Aio). The .220 kDa band reacted with the Mi-2 antibody
(Figure 3B, Mi-2). Recent studies have shown that Mi-2
protein from frog oocytes or HeLa cells copurifies with
histone deacetylases and the Rb binding protein components of the SWI/SNF complex in the nucleus of
resting T cells (Figure 2), we examined whether they canRbAp48 (Tong et al., 1998; Wade et al., 1998; Zhang
et al., 1998). Western analysis of the immunopurified stably associate in proliferating T cells, possibly in areas
of the nucleus where these factors are diffusely distrib-Ikaros complexes confirmed the presence of HDAC-1,
HDAC-2, and RbAp48 (Figure 3B, HDC1, HDC2, and uted. Antibodies to the ATPase Brg-1, hSWI-3 and BAF-
60 revealed their presence with immunopurified IkarosRbAp48).
Given that Ikaros and Aiolos proteins colocalize with (Figure 3B). hBrm, a component of a distinct SWI/SNF
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Figure 4. Chromatin Remodeling by the Im-
munopurified Ikaros Fraction
(A) Increasing amounts of immunopurified
Ikaros (Ik) (15 ng [lane 7] and 75 ng [lane 8])
were tested for activity in a mononucleosome
disruption assay in the presence of ATP. As
a control, 150 ng of the fraction was used in
the absence (2) of ATP (lane 6). SWI/SNF
(150 ng) complex purified from HeLa cells was
used as a positive control (lanes 4 and 5) and
eluants from the mock purification as nega-
tive controls (lanes 2 and 3). DNAse I cleavage
of naked DNA is shown (Br-lane 1). Enhance-
ments (1) or protections (2) of the 10 base
pair nucleosomal ladder is indicated next to
the respective bands. Differences between
Ikaros and SWI/SNF protections (2) are
marked with an asterisk.
(B) The Ikaros (Ik) fraction was tested for re-
modeling activity on nucleosomal arrays
(lanes 7 and 8). Reactions with no added pro-
tein (lanes 1 and 2), eluants from the mock
(T/Cnt) purification (lanes 5 and 6), and SWI/
SNF complex were also performed as nega-
tive and positive controls. Assays were per-
formed in the absence (2) or presence (1) of
ATP. Sc, supercoils; Sc. R, relaxed su-
percoils; L, linear; and N, nicked.
(C) Binding of immunopurified Ikaros to mono-
nucleosomes (Nc). Radiolabeled mononu-
cleosome core particles were incubated ei-
ther in the absence (2) or presence (1) of
ATP and with increasing (15±75 ng) amounts
of the Ikaros complex (lanes 3±6) for 30 min at
308C and analyzed on a 4% native acrylamide
gel. A no (2) protein reaction was used as a
negative control. Arrows point to the shifted
nucleosomal complexes (I±IV).
(D) The Ikaros fraction (300 ng) was tested for
histone deacetylase activity in an 3H-acetate
release assay. Flag-HDAC1 purified from
293T cells was used as a positive control.
Eluants from mock purifications (using either
mouse Ig or nuclear extracts from T cells that
do not express the Ik-7-Flag isoform [C]) were
used as negative controls.
complex, was not present indicating a potential for dif- was tested in a mononucleosome disruption assay (Fig-
ferential interactions between Ikaros and the two SWI/ ure 4A). Following limiting DNAse I digestion, mono-
SNF complexes. nucleosomes display a 10 base pair periodicity of sensi-
The ability of Ikaros to interact directly with the Mi-2b tivity to DNAse I where DNA faces away from the histone
or Brg-1 ATPases and possibly nucleate the formation of octamer (Figure 4A, lanes 2, 4, and 6). The Ikaros fraction
chromatin remodeling complexes in vivo was tested in disrupted the DNase I pattern of the mononucleosomes
a GST-pull down assay in vitro. A strong and specific and caused characteristic enhancements (1) and pro-
interaction was detected between mMi-2b and GST- tections (2) in an ATP-dependent manner (Figure 4A,
Ikaros but not with its GST fusion partner (Figure 3C, Ik, lanes 7 and 8). Purified human SWI/SNF from HeLa
Mi-2b). A specific but weaker interaction was also seen cells was used as a positive control (Figure 4A, SWI/
between Ikaros and the Brg-1 SWI/SNF ATPase (Figure SNF, lane 5). It is noteworthy that Ikaros and associated
3C, Brg-1). proteins were capable of remodeling at a 5-fold lower
concentration than the SWI/SNF complex. With increas-
ing concentration, a DNAse I protection that is charac-Ikaros Complexes Remodel Chromatin
teristic of the Ikaros and not of the SWI/SNF complexin an ATP-Dependent Fashion
was observed at the bottom part of the DNAse I ladderand Deacetylate Histones
and over a region that contains putative Ikaros bindingSince the immunopurified Ikaros fraction contains signif-
sites (data not shown).icant amounts of the ATPase Mi-2b and smaller amounts
of the ATPase Brg-1, its activity in chromatin remodeling The Ikaros complexes were also tested in a second
Immunity
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chromatin remodeling assay using supercoiled tem-
plates. In this protocol, remodeling results in an alter-
ation of the DNA topology of the template (Kwon et al.,
1994; Sif et al., 1998). No change in the topology of the
nucleosomal template was detected in the presence of
Ikaros complexes and in the absence of ATP (Figure 4B,
lane 7). In the presence of ATP, a number of intermediate
species with fewer negative supercoils were detected
indicating an ATP-dependent chromatin remodeling ac-
tivity for Ikaros and associated factors (Figure 4B, lane
8). SWI/SNF complex isolated from HeLa cells was again
used as a positive control (Figure 4B, lane 4) (Sif et al.,
1998).
Because the Ikaros fraction exhibited specific protec-
tions over the DNAse I nucleosomal ladder, we exam-
ined its ability to bind to nucleosomes in a gel retardation
assay (Figure 4C). A low degree of binding of Ikaros
complexes to nucleosomal templates was observed
(lanes 3 and 5), which was greatly stimulated in the
presence of ATP (lanes 4 and 6). Under these conditions,
no binding by an equivalent amount of SWI/SNF was
observed (data not shown).
The presence of HDACs in Ikaros complexes suggests
it may be active in histone deacetylation. The Ikaros Figure 5. Quantitative Westerns Determine the Composition of the
fraction had strong activity in a protocol that measures Ikaros Fraction
deacetylation of free histones (Figure 4D); this activity The Ikaros immunopurified proteins (IkCx, 0.75 mg) were analyzed
in parallel with an equivalent amount of SWI/SNF (SWI) and withdid not depend upon added ATP (data not shown) and
100±400 ng of bacterially produced Ikaros (Ikb), Aiolos (Aiob), andwas inhibited by the deacetylase inhibitor trichostatin
with 10±100 ng of an Mi-2 (Mi2b) subdomain in three sets run on the(data not shown).
same protein gel. Alignment of the set used for silver staining with
the sets used for Western hybridization allowed for assignment of
Quantitative Analysis of the Immunopurified proteins to bands. The approximate amounts of Ikaros isoforms,
Aiolos, Helios, Mi-2, Brg-1, and BAF60 present in the Ikaros fractionIkaros Fraction
were calculated using as a reference the signals obtained by theThe composition of the protein fraction immunopurified
proteins produced in bacteria and by the proteins present in thewith Ikaros was established by a combination of silver
SWI/SNF complex.staining and quantitative Westerns (Figure 5). The Ikaros
complexes (0.75 mg) were analyzed in parallel with in-
creasing amounts of Ikaros, Aiolos (100±400 ng), and the Ikaros and Associated Factors Copurify in Fractions
Centered over a 2 MD PeakMi-2±40 kDa subdomain (10±100 ng), which had been
produced in bacteria and used for antibody production. Ikaros proteins and associated factors were further
characterized by gel filtration. They eluted as a singleIk-1 (I-60) and Aiolos (I-63) were each estimated to be
present at approximately 100 ng, Ik-2 (I-54) and Ik-7 peak over fractions 12±20 that range between 700 kDa±2
MD MW on a calibrated gel filtration column (Figures(I-52) at approximately 120 ng each, Helios (I-70) at 20
ng (data not shown), and Mi-2b (I-250) at 180 ng. Thus, 6A and 6B, Ik1 and Ik-2/7). Fractions 13±16 contained
peak levels of Ikaros isoforms and had an MW of approx-approximately 60% of the protein in the Ikaros immuno-
purified complexes is comprised of Ikaros family mem- imately 2 MD. Aiolos had a similar elution profile, al-
though there appeared to be less trailing of Aiolos inbers whereas 24% is comprised of the ATPase Mi-2b.
Western analysis reconfirmed the presence of HDAC-1 fractions 20±24 (Figure 6B, Aiolos). The amounts of Mi-2
and HDAC1 were highest in the same fractions as theand HDAC-2 (I-59) and RbAp48 (data not shown), com-
ponents of the NURD complex (Tong et al., 1998; Wade Ikaros proteins (Figure 6B, Mi-2, HDC1). Small amounts
of the SWI/SNF ATPase Brg-1 also eluted at the sameet al., 1998; Xue et al., 1998; Zhang et al., 1998).
To estimate the concentration of SWI/SNF compo- position (Figure 6B, Brg-1). SWI/SNF that had been puri-
fied from HeLa cells and that therefore was not associ-nents in association with Ikaros proteins, 0.75 mg of SWI/
SNF purified from HeLa cells was analyzed in parallel ated with Ikaros, Mi-2, or HDAC, eluted at a similar posi-
tion on this column as did Brg-1 in the Ikaros fraction.(Figure 5, SWI) (Sif et al., 1998). We estimate that there
is 5-fold less Brg-1 and BAF-60 in immunopurified Ikaros These data are most simply interpreted as suggesting
that Mi-2 and HDAC1 are in a different Ikaros complexrelative to the SWI/SNF complex, which account for
3.6% (27 ng) and 1.4% (9 ng) of the total protein, respec- that elutes at the same location as the SWI/SNF complex
during gel filtration.tively. In the immunopurified Ikaros complexes, Brg-1
and BAF60 are present in the same relative stoichiome- We tested the gel filtration fractions for their ability to
deacetylate histones and remodel chromatin. Fractionstry as in the SWI/SNF complex. Finally, in proliferating
T cells there is a 5-fold difference in the amount of the 13±16 with detectable levels of HDAC displayed deacet-
ylase activity (Figure 6B, HDAct). Fractions 12±22 wereMi-2 versus Brg-1 ATPase molecules associated with
Ikaros. active in nucleosome disruption (Figure 6C, lanes 8±14)
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Figure 6. Ikaros Proteins Exist in a 2 MD
Complex with NURD and SWI/SNF Compo-
nents
(A and B) Ikaros and its associated proteins
elute in a single peak of 2 MD. Immunopuri-
fied Ikaros proteins were analyzed by gel fil-
tration. Ikaros and associated factors all ex-
hibited an elution peak in fractions 13±16.
Arrows indicate elution of MW standards.
Fractions 12±16 and 18 were tested for
deacetylase activity; (1) indicates activity,
(1/2) indicates low levels, and (2) indicates
no activity. The protein composition of frac-
tion 16 as detected by silver staining is shown
in comparison to the input complex on the
right hand side of (B).
(C) Chromatin remodeling activity of the gel
filtration fractions (Ik-GF/12±22, lanes 6±14).
The SWI/SNF complex (150 ng, lanes 2 and
3) and the input Ikaros fraction (150 ng, lanes
4 and 5) were used as controls. Disruption
activity was assayed in the absence (2) and
presence (1) of ATP. Enhancements (1) or
protections (2) of nucleosomal bands from
DNAse I digestion are indicated.
with peak activity seen in fractions 13±16. However, all these proteins associate in one 2 MD Ikaros-NURD-
SWI/SNF complex.since proteins in these fractions were diluted as a func-
tion of the gel filtration procedure, they were less active
in remodeling compared to the input complex (Figure Ikaros Proteins Associate with NURD and SWI/SNF
Components in Two Separable Complexes6C, lane 7). Significantly, Mi-2 is detectable in fractions
17±22, as is remodeling activity, while Brg-1 is not. To determine whether Ikaros proteins associate with
NURD and SWI/SNF in one or distinct complexes, aTaken together, the studies indicate that Ikaros pro-
teins present in proliferating T cells are associated in second immunopurification on Mi-2 immunoaffinity
beads was performed (Figure 7A, anti-Mi-2/Bds). Thehigher-order complexes within the 2 MD range. Compo-
nents of the NURD and the SWI/SNF complexes are Ikaros complex retained on the anti-Mi-2 beads con-
tained Mi-2, HDACs, Ikaros, and Aiolos but none of thepresent in a 5 to 1 ratio providing two alternatives: one is
the existence of distinct Ikaros±NURD and Ikaros±SWI/ components of the SWI/SNF complex, which were how-
ever readily detectable in the immunodepleted fraction.SNF 2 MD complexes at a ratio of 5 to 1 or alternatively
Immunity
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Figure 8. Restructuring of Chromatin by Ikaros Remodeling Com-
plexes: a Key to Lymphocyte Differentiation
Three potential models on the role of Ikaros proteins in chromatin
remodeling are presented. Ikaros proteins are shown as preformedFigure 7. Ikaros Associates with NURD and SWI/SNF Components
complexes with Mi-2/HDAC and SWI/SNF. The existence of threein Two Separable Complexes
hypothetical states of chromatin, inaccessible, accessible, and
Immunodepletion of the Ikaros immunopurified fraction on aMi-2
open, are depicted by the progressive disruption of nucleosomes.
beads (a-Mi-2/BDs) or on protein A control beads (pABDs). Flow
The action of these Ikaros remodeling complexes may not necces-
through (Ft) and bound material (Bd) were analyzed for the presence
sarily promote a less or a more differentiated state but simply a
of Mi-2, HDAC1/2, Brg-1, BAF60, Ikaros, and Aiolos proteins. The
different one.
flow through from the Mi-2 beads (Ik-Mi-2, lanes 3 and 4) was
compared for remodeling activity to the input sample (Ik, lanes 1
and 2).
from nucleosomal templates (Cote et al., 1994; Imbal-
zano et al., 1994; Kwon et al., 1994; Tsukiyama and Wu,
1995; Mizuguchi et al., 1997; Armstrong et al., 1998).Importantly, the Mi-2 immunodepleted Ikaros fraction
was depleted for its chromatin remodeling activity rela- Recently, an association between chromatin remodeling
complexes and histone deacetylases has been demon-tive to the input material, and relative to a Brg-1 depleted
Ikaros complex (Figure 7B, lanes 2, 4, and 6). Mi-2 was strated (Tong et al., 1998; Zhang et al., 1998). In this
study, a direct link is made between chromatin remodel-also immunoprecipitated from nuclear extracts pre-
pared from nontransgenic resting thymocytes. Ikaros ing machineries and lineage-determining nuclear fac-
tors. We demonstrate that Ikaros proteins provide theproteins but not Brg-1 or BAF-60 were detected in asso-
ciation with Mi-2 (data not shown). backbone of a higher-order complex in proliferating T
cells that is active in chromatin remodeling and histoneThus, in cycling T cells, the majority of Ikaros proteins
are associated with Mi-2 and HDACs in a 2 MD complex deacetylation and that contains components of the pre-
viously described NURD complex. We also show thatthat is potent in chromatin remodeling and histone
deacetylation. These experiments, however, leave open Ikaros associates with a Brg-1 based SWI/SNF complex.
We propose that alteration of chromatin through its as-a role for an Ikaros±SWI/SNF complex in chromatin re-
modeling. sociation with distinct chromatin remodeling complexes
is a key aspect of Ikaros function in lymphocyte develop-
ment and function.Discussion
In the nucleus of a cycling T cell, Ikaros isoforms and
the Aiolos protein exist in a 2 MD complex, with theThe above studies provide a molecular mechanism by
which the lineage-determining factors encoded by the ATPase mMi-2, the histone deacetylases HDAC-1 and
HDAC-2, and Rbp48, which all together account for theIkaros gene family can modulate the structure of chro-
matin to enable differentiation and control of prolifera- majority of the protein in the immunopurified Ikaros com-
plex. Mi-2 immunodepletion studies substantiate furthertion in lymphocytes. Previous studies have shown that
ATP-dependent chromatin remodeling complexes can that the in vitro nucleosome remodeling properties of
Ikaros proteins are mainly due to their association withwork together with sequence-specific DNA-binding fac-
tors to facilitate binding and transcriptional activation a NURD complex. Ikaros and Aiolos proteins share a
Ikaros/Aiolos Chromatin Remodeling Complexes
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highly conserved DNA-binding domain and bind to se- amounts of Ikaros±SWI/SNF complex in mature lympho-
cytes, 5-fold less than the Ikaros±NURD, we have beenquences that contain the GGGA core motif (MolnaÂ r and
Georgopoulos, 1994; Sun et al., 1996). Binding by these unable to determine their functional association in this
investigation, and such studies present our future goal.proteins to specific sequences would direct the associ-
ated NURD factors to neighboring nucleosomes to exe- The association between Ikaros and the Brg-1 based
SWI/SNF complex in lymphocytes may be responsiblecute deacetylation of histones and repress the expres-
sion of associated genes (Figure 8A). Support for this for providing accessibility to certain gene loci and en-
abling their expression (Figure 8C). Studies on hemopoi-model is provided by the ability of Ikaros and Aiolos
fusions to the GAL-4 DNA-binding domain to repress etic progenitors deficient in Ikaros support this hypothe-
sis; expression of two tyrosine kinase receptors, Flk-2transcription from a GAL-4 binding site and deacetylate
the histones of neighboring nucleosomes (Koipally et al., and c-kit, required for lymphoid lineage commitment
and differentiation, is impaired in these cells, and ex-submitted). In further support of an Ikaros-deacetylase
mediated mode of repression, addition of the HDAC pression of the T cell determining transcription factor
GATA-3 is absent from Ikaros dominant-negative miceinhibitor, trichostatin, relieves repression by GAL-4-
Ikaros (Koipally et al., submitted). (Nichogiannopoulou and K. G., unpublished data). Lack
of accessibility of such genes to the transcriptional ap-Recent studies have shown that histone deacetylase
activity is required for maintenance of the underacet- paratus may delimit their expression and account for
the lymphoid arrest manifested in the early hemopoieticylated state of centromeres (Ekwall et al., 1997). Signifi-
cantly, in the G1 and S phase of the T cell cycle, the compartment of Ikaros mutant mice. Although early
lineage expression of such gene loci may be depen-Ikaros±NURD complex is found predominantly in toroi-
dal structures presumed to be associated with centro- dent on Ikaros-SWI/SNF, it is attractive to speculate that
their subsequent repression may be modulated by themeric heterochromatin (Brown et al., 1997). Further-
more, during S phase, Ikaros/Aiolos toroids colocalize Ikaros±NURD complex at later stages of differentiation.
Taken together, these studies provide a link betweenwith a subset of DNA replication foci, and Ikaros-defi-
cient T cells display chromosome abnormalities that disruption in chromatin structure and deregulation of
lymphocyte differentiation and homeostasis. In the ab-include deletions of centromeric regions (Wang et al.,
1998; Avitahl et al., 1999). In the absence of Ikaros, sence of Ikaros proteins, such events may be brought
about by the lack of appropriate targeting of chromatinfailure of Mi-2 and HDAC to localize to these sites may
cause the chromosomal aberrations observed in these remodeling and deacetylase complexes that are re-
quired to provide and maintain lineage-specific patternsmutant T cells.
Deacetylation of newly deposited histones on nascent of gene expression. Future studies on the composition,
function, and regulation of Ikaros and Aiolos complexesDNA chains may be required to maintain cellular memory
of the silent status of genes through multiple cell divi- in the hemo-lymphopoietic system and their targeting
to specific gene loci will allow us to delineate how thissions (Jeppesen, 1997). Histone deacetylation in inac-
cessible regions of heterochromatin in lymphocytes may family of sequence-specific transcription factors control
critical events in lymphocyte differentiation and functionrely on the chromatin remodeling properties of the
Ikaros±NURD complex to maintain epigenetic silencing possibly by regulating the access of chromatin remodel-
ing machineries.(Figure 8B); its absence from these sites may lead to
derepression of associated genes manifested gradually
Experimental Proceduresover a number of cell divisions. Significantly, ectopic
expression of hemo-lymphoid specific genes has been
Yeast Two-Hybrid Screen and Mating Assaysnoted in tumor cell lines derived from Ikaros and Aiolos-
A thymocyte library generated in the pJG vector was screened with
deficient mice (S. W. and Wang, unpublished data). That an Aiolos fusion (amino acids 60±554) to the LexA DNA-binding
Mi-2 plays a role in gene silencing is supported by recent domain (expressed from vector pEG202). The screen was carried
studies in Drosophila embryos where mutations in dMi-2 out as described by Brent (1996), using an EGY48 yeast strain ex-
pressing the Aiolos-LexA bait. From the original 2 3 107 primaryenhance the effects of Hunchback and Polycomb muta-
yeast transformation, 1100 supported growth on media lacking histi-tions on Hox gene derepression (Kehle et al., 1998).
dine. Of these, only 119 could also activate expression of the lacZA physical association between Ikaros, Brg-1, Swi3,
reporter and were chosen for further characterization.
and BAF-60, components of a mammalian SWI/SNF Mi2 240 (3900±6400 bp) in the pJG vector was assayed for interac-
complex, was also noted in proliferating T cells. The tion with Aiolos, Ikaros isoforms, and their subdomains (Aio, Ik-1,
SWI/SNF ATPase Brg-1 copurifies in relatively small Ik-2, Ik-3, Y4, and Y6 [Sun et al., 1996; Morgan et al., 1997]) in
pEG202 vector. Bait plasmids were transformed into the RFY206amounts with Ikaros, associates with Ikaros in a GST-
diploid yeast strain with the SH1834 strong reporter plasmid. Preypull down experiment, and colocalizes with Ikaros in
plasmids were again transformed into EGY48. Strains were crossedresting T cells. None of the SWI/SNF components ap-
and screens were carried out as described by Brent (1996).
pear in association with the Ikaros complex when it is
further purified using Mi-2 antibodies. Although a possi- Cloning of mMi-2a and mMi-2b and Expression Studies
ble scenario is that Mi-2 antibodies disrupt a putative The 2.5 kb Mi-2a fragment was sequenced from the pJG vector.
This fragment was used as a probe to screen a mouse spleen cDNASWI/SNF association, when one takes into account the
library that pulled out several cDNAs containing sequences for bothMW of the previously described NURD and SWI/SNF
Mi-2a and Mi-2b. Full-length Mi-2b clone was constructed usingcomplexes and the significant mass contribution of the
two overlapping cDNA clones. For in situ hybridization studies, a
Ikaros proteins, then the most likely scenario is that fragment from Mi-2b (4264±5668 bp) was cloned into pBluescript
Ikaros exists in distinct complexes that contain, respec- and transcribed in an antisense orientation using T3 and T7 poly-
merases.tively, SWI/SNF or NURD factors. Given the lower
Immunity
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In Vitro Translation and GST-Pull Down Assays et al., 1998), thyroglobulin (669 kDa), ferritin (440 kDa), catalase (232
kDa), and aldolase (158 kDa) were used to calibrate the column andFull-length Mi-2b and Brg-1 proteins were in vitro translated. In
vitro translated products were incubated with GST and GST-Ikaros determine the MW range of the eluted fractions.
proteins (MolnaÂ r and Georgopoulos, 1994). Protein complexes were
captured on glutathione transferase beads and washed extensively Nucleosome Disruption Assays
with 0.25 M NaCl containing MT-PBS buffer. Beads were boiled in A DNA fragment of approximately 150 bp, which contains two copies
sample buffer, and supernatants were analyzed by SDS-PAGE. 10% of a 20 bp artificial nucleosome positioning sequence at one end
of in vitro translation product used per reaction was run in parallel and a TATA box in the middle, was obtained by digesting plasmid
and is indicated as input. TPT with EcoRI and MluI. The EcoRI±MluI fragment was 32P-end-
labeled and was assembled into mononucleosomes with the histone
octamer transfer method using a 75-fold excess of donor nucleo-T Cell Activation and Immunofluorescence Studies
somes (Rhodes and Laskey, 1989). Assembled templates were puri-Thymocytes and splenocytes were harvested from 5-week-old wild-
fied by glycerol gradient sedimentation, and 3.3 ng of nucleosometype and Ikaros null mice. Splenic T cells were purified by incubating
core particles was incubated with or without ATP and either elutedsplenocytes with rat antibodies to Mac-1, Gr-1, Ter119, and B220
Ikaros complex or hSWI/SNF complex in a 25 ml reaction containing(Pharmingen) at 4 degrees for 309 and excluding with magnetic
12 mM HEPES (pH 7.9), 60 mM KCl, 6 mM MgCl2, 60 mM EDTA, 2beads conjugated to sheep-anti-rat IgG (DYNAL). Purified T cells
mM DTT, and 13% glycerol. Reactions were incubated at 308C forwere cultured in RPMI at 1 3 106 cells per well in 24-well tissue
30 min, treated with DNase I for 2 min at room temperature (0.2 unitsplates (Corning Costar) coated with 75 ml of 25 mg/ml of anti-CD3e
for mononucleosomes or 0.02 units for naked DNA), and analyzed on(Pharmingen) and harvested after 48 hr.
an 8% SDS-PAGE denaturing gel.Purified cells were cytospun for 5 min at 1000 rpm in PBS 5%
FCS onto SuperFrost slides (Fisher) at 70,000 cells per slide and
fixed for 20 min in cold PBS 3% paraformaldehyde 0.1% Tween. Chromatin Remodeling Assays
They were then washed four times in cold PBS. Fixed cells were A 2.7 kbp plasmid DNA was linearized with EcoRI, treated with
incubated in blocking buffer (PBS 3% BSA 1% Donkey Serum [Jack- alkaline phosphatase, and kinased with T4 polynucleotide kinase.
son ImmunoResearch]) for 1 hr at room temperature and then in The labeled plasmid DNA was religated and used to reconstitute
primary antibodies diluted in blocking buffer overnight at 4 degrees. chromatin templates as described previously (Sif et al., 1998). As-
After four washes in cold PBS, cells were incubated with secondary sembled chromatin templates were purified by glycerol gradient
antibodies conjugated to Fluoroscein (green) or Rhodamine (red) sedimentation and incubated for 60±90 min at 308C with or without
(Jackson ImmunoResearch) diluted at recommended concentra- ATP and 5±15 ml of the eluted Ikaros complex or hSWI/SNF complex
tions in blocking buffer for 1 hr at room temperature. For double in a 25 ml reaction supplemented with wheat germ topoisomerase
staining in which fluorochrome-direct-conjugated (Alexa-568, Mo- I (Promega) as described for nucleosome disruption assays. Reac-
lecular Probes) primary antibodies were used, cells were incubated tions were then stopped with buffer B (50 mM Tris-HCl, [pH 8.0],
with these antibodies at 48C for 8±10 hr following secondary anti- 0.1 mM EDTA, 25% (v/v) glycerol, 3% (w/v) SDS, 0.04% (w/v) bromo-
body incubation. All cells were mounted in Vectashield (Vector Labo- phenol blue, and 0.04% (w/v) xylene cyanol) supplemented with 2
ratories) and viewed at 1003 under a confocal microscope (Leica). mg/ml proteinase K and incubated at 378C for 30±40 min before
they were analyzed on a 2% agarose gel.
Purification and Characterization of the Ikaros Complex
Nuclear extracts were prepared from activated T cells expressing Deacetylase Assay
intermediate levels of the Flag-Ik7 isoform. A T cell line derived from Histone deacetylase assays were performed on 3H-acetylated his-
these activation cultures was also used at subsequent stages of tones prepared from chicken reticulocytes as described (Kolle et
this study. Nuclear extracts were incubated for 8±12 hr with anti- al., 1998). Ikaros complex, purified Flag-HDAC1, and immunoprecip-
Flag M2 beads (Kodak) at 48C. Beads were washed extensively with itation controls were incubated with 50,000±150000 cpm of 3H-acet-
buffer BC-0.15 (20 mM HEPES [pH 7.9], 20% glycerol, 2 mM EDTA, ylated histones for 30 min at 308C.
1 mM DTT, and 0.5 mM PMSF) supplemented with 0.15 M KCl,
followed with a wash with buffer BC-0.3 M KCl, followed by another Acknowledgments
wash of BC-0.1 M KCl. Bound proteins were eluted in BC-0.1 M KCl
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